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Amphotericin B-induced lysis of erythrocytes is diminished in the presence of Cu*+, but the prelytic ampho- 
tericin B-induced K+ leakage is unaffected. These results and the weak binding of Cuz+ to amphotericin B, 
demonstrated by circular dichroism and EPR studies, are consistent with the view that Cu2+ protects ery- 
throcytes by increasing their resistance to lysis. 
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1. INTRODUCTION 
Amphotericin B (AmB) is a polyene antibiotic 
widely used in the treatment of systemic fungal in- 
fections. It has been reported that divalent metal 
ions affect the interaction of polyene antibiotics 
with cells, particularly erythrocytes [ 11. Because 
Cu2+ is present in serum and erythrocytes, we were 
interested in determining whether amphotericin B 
interacts with Cu2+ and what effect Cu2+ has on 
amphotericin B cytotoxicity toward erythrocytes. 
An additional reason for studying copper effect 
is that it has been used to solubilize polyene an- 
tibiotics in order to facilitate the drug administra- 
tion [2,3]. It was recently shown [4] that Cu2+ 
polyene derivatives have an in vitro activity similar 
to that of the parent compounds. 
We have studied the influence of Cu2+ on AmB- 
induced KC leakage of erythrocytes and hemolysis. 
We have also studied the Cu’+-AmB complex for- 
mation in water, by circular dichroism (CD) and 
EPR, the complex formation being ascertained 
either by inducement of optical activity in the d-d 
transitions of Cu2+ in the presence of the chiral 
AmB or by modification of the Cu2+ EPR signal. 
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In an attempt o better understand the relation- 
ship between the Cu2+ effect on antibiotic toxicity 
and antibiotic-Cu2+ complex formation we per- 
formed some of the experiments with the 
methylester of amphotericin E (AmE). 
2. MATERIALS AND METHODS 
AmB was purchased from Calbiochem (San 
Diego, CA) and used without further purification. 
The water-soluble derivatives, N-glucosyl AmB 
and AmE, were gifts from Professor E. Borowski 
(Technical University, Gdarisk, Poland). 
AmB was dissolved in dimethyl sulfoxide 
(DMSO). The final concentration of DMSO in 
sample (0.25%) did not affect erythrocytes. N- 
Glucosyl AmB and AmE were dissolved in distilled 
water. The experiments were conducted, unless 
otherwise stated, in 0.155 M NaCl buffered with 
10 mM sodium phosphate to pH 7.4 (PBS). The 
reagents were dissolved in distilled water and 
filtered on a Mini-Q water purification system. 
The Cu2+ content of PBS was always lower than 5 
x lO-‘j M. 
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Human venous blood collected in tubes contain- 
ing EDTA (1 mg EDTA/ml blood) was cen- 
trifuged at 1500 x g for 10 min and the plasma and 
buffy coat were removed. Erythrocytes were then 
washed with PBS, dispersed in equal volumes of 
PBS and used on the following day. The ex- 
periments on permeability and hemolysis of 
erythrocytes were performed as in [I], with minor 
modifications. Erythrocytes were dispersed in PBS 
(5 ~1 of packed cells/ml buffer) containing various 
concentrations of CuSO4, antibiotic was added 
and incubations were performed for the designated 
times at room temperature with occasional 
shaking. 
For measurements of K+ or hemoglobin reten- 
tion, erythrocytes were harvested by centrifuga- 
tion, rinsed once with PBS and lysed by 15 mM 
LiNOj (Fisher Scientific Products, Pittsburgh, 
PA). The concentration of K+ was measured in a 
flame photometer (model 430; Corning Medical 
and Scientific Medfield, MA) and of hemoglobin 
in a spectrophotometer at 550 nm. The progress of 
lysis over time was estimated from the changes in 
transmittance of erythrocytes dispersion at 
650 nm. 
For both spectrophotometric determinations, 
the Coleman Junior II Spectrophotometer was 
used. Absorption spectra were recorded with a 
Cary 219 spectrophotometer, CD spectra with a 
Jobin-Yvon Mark III dichrograph and EPR spec- 
tra at - 180°C with a Varian CSE 109 spectro- 
photometer. 
3. RESULTS 
3.1. Effect of Cu2+ on the permeabilizing and lytic 
action of AmB on erythrocytes 
Erythrocytes incubated in PBS alone or in PBS 
supplemented with Cu2+ at concentrations of 
lo-75 yM did not lose K+ and did not lyse during 
the experiments. Erythrocytes incubated with 
AmB at 1.2 pg/ml did not lyse but were almost 
completely depleted of K+. Fig.1 shows that the 
presence of CL?+ in a concentration range of 
lo-75 PM did not influence this AmB effect in 
PBS. (The lines illustrating retention of K+ as a 
function of AmB concentration in the absence or 
presence of Cu2+ overlapped.) AmB at a higher 
concentration (e.g., 10 pg/ml) lysed erythrocytes. 
Line ‘a’ demonstrates almost total loss of 
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Fig.1. Effect of Cu2+ ’ on AmB-induced decrease in 
retention of K+ (-) or hemoglobin (- - -) by 
erythrocytes. Erythrocytes dispersed in PBS without 
Cu2+ (a) or supplemented with 9&M (b), 18 FM (c), 
37 PM (d) or 73 PM (e) Cu2+ were incubated 1 h with 
AmB and harvested. The concentrations of KC (-) 
and hemoglobin (- - -) remaining in erythrocytes were 
measured and expressed in percentages of control values 
found in AmB-untreated cells. 
hemoglobin in erythrocytes incubated in the 
absence of Cu2+ with AmB at lOpg/ml. In the 
presence of Cu2+ the AmB was less effective in in- 
ducing a decrease in retention of hemoglobin and 
this inhibitory effect of Cu2+ increased with the in- 
crease in Cu2+ concentrations to the extent that 
about lo-times higher concentrations of AmB were 
necessary to induce 50% hemolysis in the presence 
of 75 PM Cu2+ than in the absence of Cu’+. 
The inhibitory effect of Cu2+ on AmB induced 
lysis was also measured in time course ex- 
periments. Fig.2 shows that lysis in PBS induced 
by 5.0pg/ml of AmB occurred much more exten- 
sively and rapidly in the absence than in the 
presence of 37pM of Cu’+. 
The presence of Cu2+ during 10 min of incuba- 
tion of erythrocytes with AmB also protected them 
from subsequent lysis in hypotonic NaCl solution. 
Fig.3 shows that erythrocytes incubated in PBS 
with 1.25 pg/ml AmB in the presence of 37 PM 
Cu2+ had less subsequent lysis in 0.50% NaCl than 
did those incubated with AmB in the absence of 
cu2+. This protective effect of Cu2+ was specific 
for AmB-induced damage; AmB-untreated 
erythrocytes incubated in PBS with or without 
37 PM Cu2+ were subsequently equally sensitive to 
hypotonic hemolysis (inset, fig.3). 
The hemolytic action of AmE was also strongly 
inhibited by Cu2+. AmE at 20 Fg/ml caused almost 
complete lysis of erythrocytes in the absence of 
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Fig.2. Effect of Cu2+ on time course of AmB-induced 
hemolysis. Erythrocytes were dispersed in PBS (m, l )
or in PBS supplemented with 37 pM of Cu2+ ( q , 0). At 
time ‘0’, 5.0pg/ml amphotericin B in DMSO (a, 0) or 
only DMSO (m, O) were added. Transmittance of 
erythrocyte dispersions was measured at time points 
shown and results were expressed as percentages of 
Cu2” and no lysis at all in the presence of 37 yM 
cu2+. 
3.2. Complex formation between AmB and Cu” 
in aqueous buffer 
0,o of hemolysis 
f 
3.2.1. Absorption and circular dichroism 
Measurements were performed either by prepar- 
ing concentrated mixtures of reagents in DMSO 
and then diluting them to the desired concentration 
hemolysis. 
0’ 
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Fig.3. Effect of Cu2+ on lysis in hypotonic NaCl solution of erythrocytes pretreated with AmB. Erythrocytes dispersed 
in PBS were incubated 10 min without any addition (m), with 37 ,uM Cu2+ (a), with 1.25 pg/ml AmB (0) or with 
1.25 pg/ml AmB and 37 FM Cu2+ (e). Erythrocytes were harvested by centrifugation and dispersed at time ‘0’ in 
0.50~0 NaCI. Transmittance of erythrocyte dispersion was measured at time points shown and results were expressed 
as percentages of hemolysis. The inset shows hypotonic lysis of AmB-untreated erythrocytes which had been 
preincubated 10 min in PBS in the absence (0) or presence of 37pM Cu2+ (0) harvested by centrifugation and 
dispersed in various hypotonic NaCl solutions. 100% represents 150 mM in NaCI. Transmittance was read 4 min after 
cells were dispersed. 
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by adding aqueous buffer or by mixing the 
aqueous suspension of AmB with the Cut+ solu- 
tion. Similar results were obtained in both cases. 
The spectra of the monomeric species of AmB, 
namely below the critical micellar concentration 
(CMC) which is approximately equal to 10e7 M, 
were not perturbed by the presence of Cu*+, even 
in large excess. 
The absorption spectra of the aggregates of 
AmB, above the CMC, were immediately modified 
by the presence of Cu’+ (fig.4A): above 300 nm, a 
decrease of the spectrum intensity was observed. 
This decrease depended on the amount of CU*+ 
added but tended always towards a limiting value. 
In contrast, below 300 nm there was an increase in 
the intensity of the whole spectrum. If these mix- 
tures were dissolved in an excess of methanol and 
their spectra compared to those of AmB without 
Fig.4. Absorption (A), and CD (B) of a 1.25 x 10s5 M 
suspension of amphotericin B in phosphate buffer, pH 
7.4: (a) without Cu2+; (b-d) with LO-’ M and 7.5 x 
lo-’ M Cu2+. In the absorption spectra the scattering 
background was subtracted. 
Cu*+ in the same conditions, no differences were 
apparent. 
The CD spectra of the aggregates of AmB were 
the superposition of an excitonic doublet centered 
around 340 nm and of three negative bands at 423, 
392 and 368 nm. In the presence of Cu*+ a 
decrease of the whole spectrum was observed, the 
doublet intensity decreasing more than that of the 
three negative bands (fig.4B). This general 
decrease was limited and did not exceed a factor of 
7 for a very large excess of Cu’+. 
In the wavelength region of the d-d transition 
(800-450 nm) no CD was observed even with a 
concentrated solution (10e3 M) and a cell path of 
10 cm. This was in contrast with what was ob- 
served by us and in [S] in organic solvents. 
3.2.2. Electronic paramagnetic resonance 
The intensity of the Cu*+ signal observed at g = 
2.07 increases in the presence of AmB (more than 
4-times for a lop4 M solution of Cu*+ in the 
presence of 10m3 M AmB) but did not shift. 
3.3. Complex formation between Cu2+ and 
water-soluble derivatives of AmB 
The addition of Cu2+ to the aqueous solution of 
N-glucosyl AmB caused an immediate precipita- 
tion. With AmE we observed a decrease of the ex- 
citonic CD doublet and of the absorption band at 
340 nm but an increase of the bands around 
400 nm. 
4. INTERPRETATION 
Our results (fig-l) show that copper ions have no 
influence on the first stage of AmB action, K+ 
leakage. In contrast, the second stage, hemolysis, 
is strongly affected: the inhibition is such that in 
the presence of 75 FM Cu*+, a IO-fold higher con- 
centration of AmB is necessary to induce a 50% 
level of hemolysis than in Cu*+ absence. 
The inhibition could result from a chemical 
degradation of AmB. Although AmB can autox- 
idize [7-91 and this process could have been ac- 
celerated by the presence of Cu’+, the absence of 
modifications of the AmB spectrum when it was 
redissolved in organic solvents after 2 h incubation 
with Cu*+, in water, and the absence of perturba- 
tion by Cu2+ of AmB-induced K+ leakage, indicate 
that the AmB molecule remained unchanged. 
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Hemoiysis could also be inhibited by the binding 
of AmB to Cu2+. An interaction occurs since the 
intensity of the AmB absorption and CD spectra 
decreases in the presence of Cu2+. However, this 
flattening of the bands may be assigned to the ef- 
fect described in 161, i.e., a perturbation of Cu2+ of 
the AmB state of aggregation. The fact that the 
modification of the EPR signals is small confirms 
that an interaction does exist but is weak. 
When AmE was assayed, the addition of Cu’+ 
caused a decrease in the excitonic doublet, which 
indicates a decrease in self-association. Under the 
conditions of our experiments (pH 7.4) AmE bears 
only one charge [IO], on NH$, and cannot bind to 
the positive Cu2+. We attribute, therefore, the 
decrease of the dichroic doublet to a salt effect, to 
which AmE is very sensitive. 
In summary, the weakness of the AmB-Cu2+ 
complex, the fact that Cuzi does not affect AmB- 
induced K+ leakage and the inhibition by Cu’+ of 
AmE-induced hemolysis, even though AmE does 
not bind to Cu2+, indicate that the decrease in the 
erythrocyte sensitivity to lysis cannot be attributed 
to the AmB-Cu2+ complex formation. We 
therefore accept the alternative view that Cu2+ in- 
teracts with erythrocytes and increases their 
resistance to AmB- or AmE-induced lysis. 
Polyene antibiotic-induced lysis of erythrocytes 
has often been used as a convenient model in the 
studies on the toxic effects of these antibiotics. 
However, the validity of this test has recently been 
questioned and the direct measurement of ion ef- 
flux has been indicated as more advisable to reach 
a firm conclusion about toxicity [ 111. Our results 
corroborate this proposal since hemolysis is 
strongly inhibited by traces of Cu2+ while K+ 
leakage is not affected. 
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